Introduction
Electrodynamic accelerators (EA), commonly called railguns, are investigated for many years [1, 2] . The first applications were a military ones [3, 4] . However, in some publication, the railguns are considered as the acceleration system for space launchers [5, 6] . In recent years, there are some research, which deals with the implementation of electrodynamic accelerators in fatigue testing of materials [7, 8] . The construction presented in the paper, should be in future used in this kind of application.
The main advantage of the railgun is the possibility to reach relatively high values of projectile energy, comparing to coilguns [9, 10, 11 ] -the energy obtained in military applications is about 9 MJ [12] . However, there are many important problems related to the EA work. The main is the necessity to supply the circuit with a very high current peak of kA to even MA in some milliseconds. The other problem is erosion of rails and projectile, which occurs not only during the accelerator work. The efficiency of the device is low, as well.
In order to improve parameters of railguns many different ways are chosen. First is the modification and optimization of construction [13] . Second one is optimization of supply circuit [14] . In both cases a good calculation model is needed. It could be used, for example, for thrust increasing, without the input energy increasing, which means the improvement of system efficiency.
In the presented case a field-circuit model of an electrodynamic accelerator with iron core (ICR -iron core railgun) has been created. For magnetic field analysis a 3D finite element software has been used i.e. Ansys/Maxwell [15] . The parameters obtained in the field calculations have been used in the transient (circuit) model, which has been implemented in MATLAB/Simulink software. The magnetostatic model allows to optimize the construction of the accelerator in terms of maximizing thrust. The transient model enables the analysis of supply parameters and initial conditions influence on the discharge waves, which allows to improve the efficiency of the whole system.
The calculations were verified on the original laboratory stand. The investigated ICR was developed in the Department of Industrial Electrical Engineering at Opole University of Technology.
Physical model
The picture of the accelerator with ferromagnetic core is presented in Fig. 1a . The iron core has been used in order to focus the magnetic field lines in the projectile area. Therefore, the use of the iron core contributes to increasing thrust with lower excitation current. In Fig. 1b the dimensions of the ICR are presented. In Fig. 2 the measured B/H curve of the ferromagnetic material used for the iron-core is presented. The highest value of the relative magnetic permeability is μ r =455. This curve has been used in the magnetostatic model of the ICR. core, which ensures a good electric contact between rails and the projectile. The OFC (Oxygen-Free Copper) wire was selected, because of its high conductivity and friction resistivity, which is very important in dynamic systems with high current values. The rails have been made of brass. The laboratory stand is presented in Fig. 4 . It consists of two main parts: the power supply and measuring system. A capacitors bank with a total capacity of 133 mF and nominal voltage of 250 V was used as an energy source. To trigger shots a high power thyristor was used (model T95-1900 from Kubara LAMINA Company). 
Calculation model
The field-circuit calculation model consist of two parts: magnetostatic one and circuit (transient) one. The magnetic field distribution was calculated by finite element method implemented in Maxwell software. Two types of boundary conditions have been used: the voltage boundary condition on the rails ends ( Fig. 5 ) and zero Dirichlet condition on the outer boundaries of the model. The eddy current effect has been neglected. Using this model, the chosen physical quantities of the accelerator have been determined. The current density distribution J was calculated with using the expression:
The magnetic flux Φ passing through a surface S (limited by the rails and projectile, parallel to the plane X, Fig. 5a ) was calculated with using the expression:
where: B -magnetic flux density vector, n -unit vector normal to surface S.
Lorentz force F acting on the projectile was calculated according to the equation:
where: J -current density vector in the projectile, Ω -volume of the projectile.
The dynamic inductance L d of the accelerator was determined by the expression:
where: i -current flowing through the rails. In order to select the proper mesh discretization, calculations for two different meshes have been made (Fig. 5) . In the first case the adaptive method for mesh generation has been used. The algorithm has created quite coarse mesh presented in Fig. 5a . In the second case, the maximum size of the mesh elements in each sub-area has been forced (Fig. 5b) , which significantly increased the number of elements (dense mesh). In table 1 the calculation results for both types of mesh has been given. Due to small differences between obtained results (below 1%) and due to significantly shorter calculation time, the coarse mesh generated by an adaptive method, has been used. The calculation time is a very important parameter, since the calculations of integral quantities (magnetic flux, force and inductance) are made for different positions of the bullet and different excitation voltage values. 
The equations (5) describe the mechanical part of the system, while the eq. 
Magnetostatic calculation results
The static calculations were made for many different voltage values: from 0 to 200 V. In Fig. 6a distribution of the current density for U c =200 V has been shown (the projectile is placed in the middle of the rail length). The largest value of the current density is observed on the inner edge of the projectile (approx. 3.16 kA/mm 2 ). The magnetic flux density distribution is nonhomogeneous in the projectile area -the highest value is observed on the supplied side and in case of U c =200 V excitation it reaches about 5.13 T. With using the magnetostatic model, calculations of electrodynamic force, magnetic flux and dynamic inductance vs. excitation current value I and projectile position z has been carried out (Figs. 7 and 8 ). These parameters are very important in the proper calculation of transients (Eqs. 5 and 6). The force value varies very slightly vs. projectile position and increases exponentially vs. excitation current value (Fig. 7a) . There is observed a linear increasing of magnetic flux and dynamic inductance vs. projectile position z (Figs. 7b and 8) . The increasing of excitation current I below 10 kA, increases the magnetic flux linearly and only slightly affects the dynamic inductance value. For higher current values, the saturation effect is observed. It is especially visible in the case of dynamic inductance value, which decreases about 35% for I>10 kA.
Measurement verification of calculation results
In the first step the repeatability of the shots has been examined. The voltage and current waveforms for the same supply parameters and projectile position have been compared (Fig. 9 ). There are observed only very small differences in the recorded waveforms. It means, that these parameters depend almost only on the configuration of the system (railgun, supply system, thyristor, connection wires). In the second step measurements for different capacity and voltage values have been made. Some results are presented in Fig. 10 . The discharge time increases linearly vs. capacitance (Fig. 10a) . The current peak value increases only slightly vs. capacitance and approximately linear vs. voltage value (Fig. 10) . The discharge time does not depends on the voltage value (Fig. 10b) . . Experiments have shown, that in the system some time lags are existing between the thyristor time triggering and the response time of the circuit rails-projectile. The system behaves in some way like a transmission line. Therefore, in the mathematical model, a fixed time delay for the inductance value has been added. The delay time has been chosen based on the experimental tests as ∆t=6.6 μs. After this time, the static inductance value of the accelerator circuit steps from 0 to 0.92 µH.
In Fig. 11 results for current and voltage wave for U c =141 V and C=133 mF have been presented. A very good conformity between calculation and measurement results is observed in case of current waves (Fig. 11a) . Measured and calculated voltage waves on the capacitor bank differ only slightly (Fig. 11b) . Thus, the mathematical model could be used in future theoretical investigations. There is a negative value of the capacitor voltage observed in Fig. 11b . It is due to the finite switching-off time of the thyristor (about 10 μs). In table 2 the measurement verification results of the projectile velocity for different supply conditions have been given. A very good conformity between calculations and measurements is observed. The
differences do not exceed 6%. The 40% increasing of the initial capacitor voltage, increases the velocity by 90%, i.e. the projectile energy increases by 3.7 times. The 40% increasing of capacitance, increases the projectile velocity by 45%, i.e. its energy increases by 2.1 times. Some additional calculations have been made with using the developed mathematical model. They concern quantities, which are very difficult to measure: thrust, acceleration, velocity and position of the projectile. In Fig. 12 some results for U c =141 V and C=133 mF are presented. The start position of the projectile was on the rails beginning. The shape of the force wave is similar to the shape of the acceleration one (Fig. 12a) . Due to small mass of the projectile and due to relatively high force (peak value of 545.83 N), the acceleration reaches 12130 g m/s2. The projectile accelerates during 1 ms and moves along rails during 3.4 ms (Fig. 12b) . So, during 2.4 ms the projectile moves in rails without any supplying. The result is decreasing of the velocity from 77 m/s to 69 m/s. It means, that the capacitance should be increased in order to use the full potential of the accelerator.
Conclusions
Investigations of mathematical and physical models of the electrodynamic accelerator, which have been presented in the paper, lead to following conclusions: -The capacitance influences mostly the discharge time and only slightly the current peak value (Fig. 10a ).
-The initial capacitor voltage influences only the current peak value (Fig. 10b ).
-The efficiency of the railgun increases along with the input energy. However, more effective is the increasing of initial capacitor voltage (Table 2 ).
-The friction coefficient value should be assumed very carefully -it influences considerably calculation results.
The railgun is characterized by quite complex physical phenomena. Thus, some more investigations, according both mathematical and physical models, will be carried out in future. 
